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lung fibrosis; lung injury; macrophages; nitrogen mustard; spleen NITROGEN MUSTARD (NM) is a highly reactive bifunctional alkylating agent and cytotoxic vesicant that exerts its actions directly on target organs including lung, skin, and cornea (21) . Although peripheral effects of inhaled mustard have been reported in kidney and intestine (6) , these are likely due to oxidation products or inflammatory mediators generated following NM-induced tissue injury. Pulmonary exposure to NM is characterized by acute lung injury, which progresses to fibrosis (26, 41, 42) . This is associated with a persistent macrophage inflammatory response. Macrophages are known to contribute to the development, progression, and resolution of lung damage (20, 28) . Evidence suggests that these activities are mediated by distinct subpopulations, broadly classified as proinflammatory/cytotoxic M1 and anti-inflammatory/wound repair M2 macrophages (27) . Overactivity of these macrophage subpopulations has been shown to contribute to tissue injury, fibrosis, and disease pathogenesis. It appears that the outcome of the inflammatory response to tissue injury depends on balanced activation between the two macrophage subpopulations (31) . In previous studies we reported that M1 and M2 macrophages sequentially accumulate in the lung after exposure of rats to NM; moreover, this correlated with acute lung injury and fibrogenesis (25, 26, 49a) . In the present studies we analyzed the origin of the lung macrophages, with a focus on the spleen as an extramedullary source of these cells.
The spleen is the largest lymphatic organ in the body, playing an important role in pathogen recognition, iron recycling, and clearance of effete erythrocytes. The spleen has also been shown to act as a reservoir of inflammatory monocytes, which are readily mobilized in large numbers to sites of tissue injury, where they differentiate into macrophages and participate in both pro-and anti-inflammatory responses (4, 12, 35, 44, 53) . In contrast to leukocyte trafficking from the bone marrow, which depends on the chemokine receptor CCR2 and its ligand CCL2 (48) , spleen monocyte migration is mediated by angiotensin II (AT-2) released from injured tissues (10, 23, 50) and AT-2 receptor-1␣ (ATR-1␣) expressed on inflammatory leukocytes (44) . To assess the contribution of spleen monocytes to NM-induced lung inflammation, we used splenectomized (SPX) rats. We found that splenectomy resulted in a decrease in a mature subset of M2 macrophages in the lung following NM exposure; this was accompanied by an increase in M1 macrophages, upregulation of gene expression for proinflammatory/cytotoxic proteins, and heightened tissue injury. These data indicate that the spleen is a source of a population of mature infiltrating macrophages that function to limit NM-induced lung injury, inflammation, and fibrogenesis. Identification of the origin of inflammatory cells that participate in the pathogenic response to vesicants may lead to the development of novel approaches for mitigating pulmonary injury.
MATERIALS AND METHODS

Animals and treatments. SPX and sham operated (control) male
Wistar rats (225-250 g) were purchased from Harlan Laboratories (Indianapolis, IN) and maintained in an approved American Association for Accreditation of Laboratory Animal Care animal care facility. Animals were housed in filter top microisolation cages and provided food and water ad libitum. Animals received humane care in compliance with the guidelines outlined in the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health. Animals were anesthetized with 2.5% isofluorane and then administered PBS or NM (0.125 mg/kg, mechlorethamine hydrochloride, Sigma-Aldrich, St. Louis, MO) intratracheally as previously described (40) . All instillations were performed by David Reimer, DVM, Comparative Medicine Resources, Rutgers University. NM was prepared immediately before administration in a designated room Fig. 1 . Effects of splenectomy on nitrogen mustard (NM)-induced expression of CCR2, ATR-1, and CX3CR1 in the lung. Sections, prepared 3 and 7 days after exposure of sham and splenectomized (SPX) rats to PBS control (CTL) or NM, were stained with antibody to CCR2 (panels at top), ATR-1 (panels at middle), or CX3CR1 (panels at bottom). Binding was visualized with a Vectastain kit. Original magnification ϫ600. Representative sections from 3 rats/treatment group are shown. under a chemical hood following Rutgers University Environmental Health and Safety guidelines.
Bronchoalveolar lavage and lung cell collection. Animals were euthanized by intraperitoneal injection of Sleepaway (50 mg/kg, Fort Dodge Animal Health, Fort Dodge, IA) 1, 3, or 7 days after administration of PBS or NM. Bronchoalveolar lavage (BAL) was collected by slowly instilling and withdrawing 10 ml of ice-cold (4°C) PBS into the lung through a cannula inserted into the trachea. BAL was centrifuged (300 g, 8 min) and cell pellets resuspended in 1 ml of PBS for differential analysis and viable cell counts by using a hemocytometer with trypan blue dye exclusion. Cell-free supernatants were assayed for protein content with a BCA protein assay kit (Pierce Biotechnologies, Rockford, IL) with bovine serum albumin as the standard. The lung was then removed and 10 ml of ice-cold PBS slowly instilled and withdrawn through the cannula while gently massaging the tissue; this procedure was repeated 4 times. The lavage fluid was combined with the initial BAL cell suspension, centrifuged (300 g, 8 min), resuspended in 10 ml PBS, and the cells enumerated.
Histology and immunohistochemistry. Following BAL collection, the lung was removed, fixed with 2% paraformaldehyde, and paraffinembedded. Sections (5 m) were prepared and stained with hematoxylin and eosin or Gomori's trichrome. Histopathological changes were assessed blindly by a veterinary pathologist (LeRoy Hall, DVM, PhD) as previously described (26) . Semiquantitative grades (0 to 4) were assigned to histological sections, with grade 0 indicating no changes; grade 1, minimal or small changes; grade 2, medium changes; grade 3, moderate to extensive changes; and grade 4, extensive changes, relative to PBS controls. For immunostaining, tissue sections (5 m) were deparaffinized with xylene followed by decreasing concentrations of ethanol (100-50%) and then water. After antigen retrieval with citrate buffer (10.2 mM sodium citrate, 0.05% Tween 20, pH 6.0, 10 min) and quenching of endogenous peroxidase with 3% hydrogen peroxide in methanol (30 min), sections were incubated for 2 h at room temperature with 10% serum to block nonspecific binding. This was followed by overnight incubation at 4°C in a humidified chamber with rabbit monoclonal anti-CD11b (1:500, Abcam, Cambridge, MA), rabbit monoclonal anti-inducible nitric oxide synthase (iNOS, 1:800, Abcam), mouse monoclonal anti-CD68 (1:400, AbD Serotec, Raleigh, NC), rabbit polyclonal anti-mannose receptor (CD206, 1:400, Abcam), mouse monoclonal anti-CD163 
Values are means Ϯ SE, n ϭ 3-5 rats. Lung sections, prepared 3 and 7 days after exposure of sham and splenectomized (SPX) rats to PBS control (CTL) or nitrogen mustard (NM), were immunostained with antibodies to markers of macrophage phenotype/activation or trafficking. Binding was visualized with a Vectastain kit. The percentage of macrophages positively staining for each of the antibodies was calculated relative to 200 macrophages present in fields of injury from at least 3 sections/rat (n ϭ 3-4 rats/treatment group; magnification ϫ400). Data were analyzed by a one-way ANOVA followed by unpaired t-test. Positively stained cells were assigned a staining intensity score on a scale of 0 ϭ no staining, 1 ϭ light staining, 2 ϭ medium staining, 3 ϭ dark staining. Staining intensity data were analyzed by Kruskal-Wallis nonparametric one-way ANOVA followed by Mann-Whitney rank sum post hoc test. Median staining scores are presented. *Significantly different (P Յ 0.05) from CTL; †significantly different (P Յ 0.05) from sham.
3-phosphate dehydrogenase (GAPDH) was used to normalize the data. Full-length coding sequences were obtained from the NCBI Gene Bank. Primers were designed with Primer Express 3.0 software (Applied Biosystems). The following forward and reverse primers were used: GAPDH, CCTGGAGAAACCTGCCAAGTAT, and CTCGGCCGCCTGCTT; iNOS, TGGTGAAAGCGGTGTTCTTTG, and ACGCGGGAAGCCATGA; cyclooxygenase-2 (COX2), TGCT-CACTTTGTTGAGTAGTCATTCAC, and CATTCCTTCCCCCAG-CAA; IL-12␤, CAGAAAGGTGCGTTCCTCGTA, and GCCCCTTT-GCATTGG; matrix metalloproteinase-9 (MMP-9), ATTCTCGGTG-GACCAATGACGTG, and AATGTCCATGTTAACGGG; IL-10, CCCAGAAATCAAGGAGCATTTG, and CAGCTGTATCCA-GAGGGTCTTCA; apolipoproteinE (ApoE), TCCATTGCCTCCAC-CACAGT, and GGCGTAGGTGAGGGATGATC; pentraxin-2 (PTX-2), TCCGGGCACAAGAGATCATC, and GATGTTTCCAG-GCATGTTCGT; PTX-3, GGCCAAAAGTCACCCTGTTC, and CCATTCTTTTCTTGGCCATCT; serotonin receptor 7 (5-HT7) CG-TACCCGGTGAGGCAAA, and AGAGCAGCCAGACCGACAGA; HT2␣ TGCACACCCCGGCTAACTAC and GATGGACACGAG-CAGGTCAGT; ATR-1␣, CCATTGTCCACCCGATGAA, and TGACTTTGGCCACCAGCAT; CX 3CR1, GGAGCAGGCAGGA-CAGCAT, and CCCTCTCCCTCGCTTGTGTA; CCR2, TGACA-GAGACTCTTGGAATGACACA, and CTCACCAACAAAGGCATA-AATGAT; CCL2, CCACTCACCTGCTGCTACTCAT, and TCTC-CAGCCGACTCATTGG; CCR5, CCTGTTCAACCTGGCCATCT, and GCCCAGAATGGGAGTGTGA; CCL5, CTCCAACCTTG-CAGTCGTCTT, and TCTGGGTTGGCACACACTTG.
Flow cytometry/cell sorting. Cells were incubated with anti-ratFcRII/III antibody (Fc block, BD Biosciences, Franklin Lakes, NJ) for 10 min at 4°C to block nonspecific binding. This was followed by a 30-min incubation with AlexaFluor 488 (AF488)-conjugated antiCD11b and AF647-conjugated anti-CD43 antibodies or appropriate isotype controls (0.25-1.5 g/10 6 cells, Biolegend, San Diego, CA), and then with eFluor780-conjugated viability dye (eBioscience, San Diego, CA) for 30 min. Cells were fixed in 2% paraformaldehyde and analyzed with a Beckman Coulter Gallios flow cytometer (Brea, CA); data were analyzed with Kaluza software. Macrophages were identified by forward and side scatter followed by doublet discrimination of viable cells. For sorting, cells were incubated with anti-rat-FcRII/III antibody, and then with AF488-conjugated anti-CD11b and AF647-conjugated anti-CD43 antibodies as described above. 4,6-Diamidino-2-phenylindole was added to the cell suspension immediately before analysis to exclude dead cells. 
RESULTS
Treatment of rats with NM resulted in the appearance of CCR2 ϩ and ATR-1 ϩ macrophages in the lung, a response most prominent 3 days postexposure ( Fig. 1 and Table 1 ). Splenectomy was associated with an increase in CCR2 ϩ macrophages in the lung; conversely, ATR-1 ϩ macrophages decreased. NMinduced increases in lung macrophages expressing CX 3 CR1, a chemokine receptor present on M2 macrophages (47), were also reduced in SPX rats (Fig. 1) . To further characterize the effects of splenectomy on the phenotype of macrophages responding to NM, we analyzed their expression of M1 and M2 markers (Table 1) . Following NM exposure, we noted a persistent increase in CD11b ϩ inflammatory cells in the lung (Fig.  2, top) . Splenectomy had no significant effects on these cells. In contrast, numbers of iNOS ϩ proinflammatory/cytotoxic M1 macrophages were increased in the lungs of SPX rats relative to sham controls. This was more prominent 7 days post-NM, when iNOS staining was also noted in the epithelium of SPX, but not sham control rats (Fig. 2, bottom) . Expression of iNOS mRNA in lung macrophages isolated from SPX rats was also significantly increased 7 days post-NM, compared with sham rats (Fig. 3) . At this time COX-2 mRNA expression was also greater in cells from SPX rats, while levels of MMP-9 were similar. In contrast, COX-2, MMP-9, and IL-12␤ were significantly reduced in macrophages from SPX rats 3 days post-NM (Fig. 3) . The effects of splenectomy on NM-induced accumulation of M2 macrophages were also analyzed. While numbers of macrophages staining positively for M2 markers including CD68, CD163, CD206, and YM-1 were generally unaltered by splenectomy (Figs. 4 and 5 ), macrophage expression of M2 genes including IL-10, ApoE, PTX-2, and PTX-3, which are upregulated in response to NM in sham rats, were reduced in SPX rats (Fig. 3) . Similarly, NM-induced increases in 5-HT2␣ and 5-HT7, genes associated with M1 to M2 macrophage phenotypic switching (8) , were reduced in SPX rats relative to sham controls (Fig. 3) .
We next used techniques in flow cytometry/cell sorting to assess phenotypic changes in lung macrophages responding to NM after splenectomy. For these experiments we analyzed the expression of CD11b, an integrin involved in cellular infiltration, and CD43, a sialoadhesin molecule highly expressed by circulating monocytes, but not by mature tissue macrophages (13, 19) . In control rats, two CD11b ϩ infiltrating subpopulations were identified in the lung after NM exposure: immature CD43 ϩ macrophages and mature CD43 Ϫ macrophages (Fig.  6) . Whereas peak accumulation of CD11b ϩ CD43 ϩ macrophages was observed 1-3 days post-NM, CD11b ϩ CD43 Ϫ macrophages increased more gradually for at least 7 days. Splenectomy resulted in a significant increase in CD11b ϩ
CD43
ϩ macrophages in the lung at all times after NM exposure; conversely, CD11b ϩ D43 Ϫ macrophages decreased (Fig. 6) . Resident CD11b Ϫ CD43 Ϫ macrophages were also identified in the lungs of both sham and SPX rats. NM exposure also resulted in a time-related decrease in these cells, most notably at 7 days. At this time, resident macrophages from SPX rats were more sensitive to the effects of NM than cells from sham rats. To determine if splenectomy altered the activity of the macrophage subpopulations, we analyzed expression of M1 and M2 genes in sorted subpopulations. In sham rats, immature CD11b ϩ CD43 ϩ macrophages infiltrating into the lung at 3 and 7 days post-NM expressed iNOS and CCR2, prototypical markers of M1 macrophages, while CD11b ϩ CD43 Ϫ infiltrating macrophages expressed IL-10 and ApoE, which are characteristics of M2 macrophages (Table 2) . Splenectomy was associated with reduced expression of ApoE in all three lung macrophage subpopulations and of IL-10 in Fig. 3 . Effects of splenectomy on NM-induced expression of pro-and antiinflammatory genes. Macrophages were isolated 3 and 7 days after exposure of sham and SPX rats to CTL or NM. Expression of pro-and anti-inflammatory genes was analyzed by real time PCR (RT-PCR). Data were normalized relative to GAPDH. Bars, means Ϯ SE (n ϭ 3-5 rats).
a Significantly different (P Յ 0.05) from CTL;
b significantly different (P Յ 0.05) from sham.
CD11b
ϩ CD43 Ϫ macrophages (Table 2 ). In contrast, at 3 days post-NM, CCR2 expression was increased in resident macrophages.
We also analyzed the effects of splenectomy on expression of genes involved in monocyte/macrophage trafficking to sites of tissue injury. In sham control rats, NM exposure resulted in increased mRNA expression of chemokines/chemokine receptors associated with M1 (CCR2/CCL2, CCL5/CCR5) and M2 (CX 3 CR1) macrophage migration from the bone marrow to sites of injury (18, 47, 48) . NM-induced increases in expression of each of these genes were reduced in lung macrophages isolated from SPX rats (Fig. 7) . Similarly, NM-induced expression of ATR-1␣, which is important in trafficking of spleen monocytes (22) , was also reduced in lung macrophages from SPX rats relative to sham rats.
In further studies we determined if changes in macrophage subpopulations in lungs of SPX rats were associated with alterations in NM-induced tissue injury. Following exposure of sham control animals to NM, pronounced cellular infiltration, bronchioalveolar hyperplasia, and edema were observed, along with mild mesothelial proliferation, emphysema, metaplasia, and fibroplasia at 3 and 7 days; bronchioectasis was also observed at 7 days. These changes were more rapid and pronounced in SPX rats (Fig. 8, top, and Table 3 ). We also noted extensive perivascular cuffs of leukocytes and fibrosis beginning within 3 days in SPX rats, but not in sham rats. This was confirmed by Gomori's trichrome staining, which showed increased collagen deposition in SPX rats relative to sham control animals (Fig. 8, bottom) . Splenectomy also resulted in an increase in alveolar epithelial barrier dysfunction, as reflected by increases in BAL protein content, which was evident 7 days post-NM (Table 4 ). In contrast, increases in BAL cell content were delayed in SPX rats. 
. Effects of splenectomy on NM-induced accumulation of CD68
ϩ and CD163 ϩ macrophages in the lung. Sections, prepared 3 and 7 days after exposure of sham and SPX rats to CTL or NM, were stained with antibody to CD68 (panels at top) or CD163 (panels at bottom). Binding was visualized with a Vectastain kit. Original magnification ϫ600. Representative sections from 3 rats/treatment group are shown. populations in the lung, which display a proinflammatory/ cytotoxic M1 and an anti-inflammatory/wound repair M2 phenotype (25, 26, 40, 42) ; when overactivated, these cells contribute to tissue injury and fibrosis, respectively (31) . The present studies demonstrate that the spleen is a source of a subset of anti-inflammatory/wound repair M2 macrophages responding to NM-induced lung injury. Findings that lung toxicity is exacerbated in SPX rats suggest that macrophages and inflammatory mediators derived from the spleen participate in the early resolution phase of vesicant-induced injury, and that in their absence the balance is shifted toward cytotoxic M1 macrophages, which promote lung injury.
CCR2 and ATR-1␣ are chemokine receptors involved in trafficking of monocytes from the bone marrow and the spleen, respectively (15) . Both CCR2 ϩ and ATR-1␣ ϩ macrophages were identified in the lung following NM exposure, suggesting that the bone marrow and spleen both contribute to these inflammatory pools. Unlike CCR2 ϩ macrophages, which remained elevated in the lung for at least 7 days after NM, ATR-1␣ ϩ cell accumulation was transient; this suggests that the major contribution of the spleen is to early inflammatory responses. Findings that BAL cell number was decreased 1 day post-NM in SPX rats, and that splenectomy resulted in a loss of NM-induced ATR-1␣ ϩ cell accumulation in the lung, provide additional support for the splenic origin of early responding inflammatory cells. In contrast, numbers of CCR2 ϩ macrophages were increased in lungs of SPX rats compared with sham controls 3 days after NM. This is consistent with the idea that the spleen releases cells and/or mediators that limit proinflammatory macrophage accumulation and activation in the lung. Our discovery that proinflammatory iNOS ϩ and CD11b ϩ CD43 ϩ M1 macrophages were also increased in lungs of SPX rats relative to control rats after NM exposure are in accord with this idea. Immunohistochemistry and flow cytometry studies showed that similar numbers of CD11b ϩ inflammatory cells were present in lungs of sham and SPX rats after NM; these findings, together with our observation that antiinflammatory CX 3 CR1 ϩ and CD11b ϩ CD43 Ϫ M2 macrophages were decreased in the lungs of SPX rats, indicate that splenectomy causes a shift in the balance between pro-and anti-inflammatory macrophages in the lung, rather than a change in total inflammatory cell accumulation. ϩ and YM-1 ϩ macrophages in the lung. Sections, prepared 3 and 7 days after exposure of sham and SPX rats to CTL or NM, were stained with antibody to CD206 (panels at top) or YM-1 (panels at bottom). Binding was visualized with a Vectastain kit. Original magnification ϫ600. Representative sections from 3 rats/treatment group are shown.
Macrophages isolated from SPX rats were found to express higher levels of iNOS and COX-2 mRNA than macrophages from sham rats 7 days after NM exposure, indicating a heightened proinflammatory activation state at this time. Reactive nitrogen species and proinflammatory prostaglandins generated via iNOS and COX-2, respectively, have been implicated in tissue injury induced by vesicants (26, 32, 41, 52) , and they likely contribute to the increased sensitivity of SPX rats to NM. They may also contribute to exacerbating relative decreases in CD11b Ϫ
CD43
Ϫ resident macrophages in lungs of SPX rats after NM exposure. Of note, mRNA expression of COX-2, MMP-9, and IL-12␤ was decreased in lung macrophages 3 days post-NM in SPX rats relative to sham controls; IL-12␤ was also decreased at 7 days. These findings are in accord with previous reports that the spleen is a source of mediators which regulate the sensitivity of macrophages to M1 inducers (7, 38, 51) . A decrease in spleen-derived regulatory factors may also explain our findings that there were no significant differences in iNOS expression in CD11b ϩ CD43 ϩ macrophages from sham and SPX rats.
The effects of splenectomy on NM-induced increases in M2 macrophages in the lung varied depending on the subset. Thus while CD68 ϩ , CD163 ϩ , CD206 ϩ , and YM-1 ϩ macrophages were unaffected by splenectomy, the accumulation of mature CD11b ϩ CD43 Ϫ M2 macrophages in the lung was delayed and their relative abundance significantly reduced. This indicates that M2 macrophage subpopulations accumulating in the lung after NM-induced injury consist of different subpopulations with distinct origins, which is in accord with earlier findings in other models of lung injury (1, 2) . Based on our findings, it Fig. 6 . Flow cytometric analysis of lung macrophages. Cells, isolated 1, 3, and 7 days after exposure of sham and SPX rats to CTL or NM were immunostained with antibody to CD11b and CD43 or the appropriate isotype controls, as described in MATERIALS AND METHODS, and then analyzed by flow cytometry. Top: representative histograms from three to five rats/treatment group. Each percentage displays mean value for the group. Bottom: resident alveolar macrophages (A, CD11b Ϫ CD43 Ϫ ), infiltrating immature macrophages (B, CD11b ϩ CD43 ϩ ), and infiltrating mature macrophages (C, CD11b ϩ CD43 Ϫ ) were identified based on forward and side scatter followed by doublet discrimination of live cells. Data are represented as means Ϯ SE (n ϭ 3-5 rats).
a Significantly different (P Յ 0.05) from CTL; b significantly different (P Յ 0.05) from sham group.
appears that CD11b ϩ CD43 Ϫ M2 macrophages are largely derived from the spleen, while CD68 ϩ , CD163 ϩ , CD206 ϩ , and YM-1 ϩ M2 macrophages accumulating in the lung after NM exposure originate from the bone marrow or via expansion of self-renewing resident macrophages (3, 9, 37, 55) . Taken together, these data support the notion that these M2 macrophage subpopulations play distinct roles in the pathogenic response to NM. We speculate that CD11b ϩ
Ϫ M2 macrophages, which appear early in the tissue after NM exposure, are involved in dampening the inflammatory response and initiating tissue repair, while CD68
ϩ , and YM-1 ϩ M2 macrophages, which accumulate more slowly, promote fibrogenesis (33, 56) ; however, this remains to be determined.
We also found that expression of M2 genes involved in downregulating inflammation (IL-10, PTX-2 and PTX-3) and inducing M1 to M2 phenotypic switching (ApoE, 5-HT2␣ and 5-HT7) (5, 8, 29, 30, 34) was significantly reduced in the total lung macrophage population, as well as in the CD11b ϩ CD43 Ϫ M2 macrophage subpopulation isolated from SPX rats, compared with sham controls. This indicates that the spleen also plays a role in regulating the function of M2 macrophages accumulating in the lung in response to NM. In this regard, previous studies have shown that the splenic stroma releases mediators such as IL-10, which support maturation of antiinflammatory macrophages and dendritic cells (11, 43, 46) . It may be that increases in M1 macrophages in lungs of SPX rats are due, in part, to a loss of spleen-derived suppressive factors and M2 macrophages, which counteract their activity, a deficit which could also contribute to exacerbated NM toxicity. This is supported by earlier studies showing that splenectomy results in blunted anti-inflammatory signaling after acute endotoxemia and increased lethality (14, 36) . During the inflammatory response, monocytes and macrophages are recruited to sites of injury through a complex network of chemokines and chemokine receptors. Whereas proinflammatory cells are recruited from the bone marrow in large part via CCL2/CCR2 and CCL5/CCR5, fractalkine/ CX 3 CR1 regulate anti-inflammatory/wound repair macrophage trafficking (4, 24, 47, 48) . Macrophages isolated from NMexposed rats expressed increased levels of chemokines and chemokine receptors associated with M1 (CCR2, CCR5, CCL2, and CCL5) monocyte/macrophage trafficking, confirming that some subpopulations of proinflammatory macrophages accumulating to the lung after NM originate in the bone marrow. Following splenectomy, expression of these chemokines/chemokine receptors was attenuated, most notably 3 days after NM exposure. These results were surprising since M1 macrophages were increased in lungs of SPX rats. Potentially, peak expression of these chemokines/chemokine receptors occurred earlier than 3 days. Alternatively, other chemokines and receptors may mediate M1 macrophage migration to the lung after NM exposure. CX 3 CR1 mRNA expression was also increased at 3 and 7 days post-NM in sham rats. This was Fig. 8 . Effects of splenectomy on NM-induced lung pathology. Lung sections, prepared 3 and 7 days after exposure of sham and SPX rats to CTL or NM, were stained with hematoxylin and eosin (panels at top) or Gomori's trichrome (panels at bottom). Original magnification ϫ200. Representative sections from 3 rats/treatment group are shown. Values, median (n ϭ 3-4 rats). Lung sections, collected 3 and 7 days after exposure of sham and SPX rats to CTL or NM, were stained with hematoxylin and eosin or Gomori's trichrome and scored for histopathologic changes. GRADE 0 ϭ no injury; GRADE 1 ϭ minimal/very small; GRADE 2 ϭ slight/small; GRADE 3 ϭ moderate; GRADE 4 ϭ extensive. Data were analyzed by Kruskal-Wallis nonparametric one-way ANOVA followed by Mann-Whitney rank sum post hoc test. *Significantly different (P Յ 0.05) from CTL; †significantly different (P Յ 0.05) from sham rats. Data are means Ϯ SE, n ϭ 5-9 rats. Bronchoalveolar lavage collected 1, 3, and 7 days after exposure of sham and SPX rats to CTL or NM, was analyzed for cell and protein content. *Significantly different (P Յ 0.05) from CTL; †significantly different (P Յ 0.05) from sham rats.
significantly decreased in SPX rats, consistent with reduced anti-inflammatory CD11b ϩ CD43 Ϫ and CX 3 CR1 ϩ M2 macrophage recruitment after splenectomy. A significant reduction in ATR-1␣ mRNA expression was also observed in macrophages from SPX rats, which is in line with our findings of reduced numbers of ATR-1␣ ϩ macrophages in the lungs of these rats and their splenic origin. AT-2 has been shown to promote bone marrow myeloid stem cell proliferation and CCR2-dependent macrophage migration (39, 49) in models of hypertension, atherosclerosis, and fibrosis (16, 17, 54) . It remains to be determined if in SPX rats, AT-2 released from NM-injured lungs contributes to the recruitment of CCR2 ϩ M1 macrophages to the lung, resulting in exacerbated tissue injury.
Changes in M1 and M2 macrophage subpopulations in SPX rats were associated with more rapid and pronounced tissue damage in response to NM. This was characterized by bronchoalveolar hyperplasia and edema, mesothelial proliferation, emphysema, metaplasia, and fibroplasia. Notably, perivascular cuffs of leukocytes and fibrosis were also evident, a response not previously observed 7 days post-NM exposure (25, 26) . Additionally, a prolonged increase in NM-induced BAL protein levels, a marker of increased alveolar epithelial permeability, were observed in SPX rats. These findings indicate a key anti-inflammatory/wound repair function of spleen-derived leukocytes and mediators. Previous studies have shown that the spleen functions as a reservoir of proinflammatory monocytes in models of myocardial infarction and fibrosis (44, 45) . It may be that the role of the spleen in promoting or suppressing inflammatory responses depends on the nature and the site of the injury and/or disease pathology. In the lung, we speculate that after NM exposure, spleen-derived macrophages function to counterbalance cytotoxic/proinflammatory M1 macrophages and that in their absence tissue injury predominates.
Taken together, these studies demonstrate that there are different subsets of M2 macrophages participating in the pathogenic response to NM in the lung, and that they originate from distinct tissue precursors. They also provide evidence for a role of spleen monocytes and mediators as important in dampening the inflammatory response and promoting wound repair. Characterization of lung macrophage subpopulations and their origin represents an important step in understanding mechanisms of macrophage recruitment after NM injury and may provide novel insights into specific targets for therapeutic interventions.
